Lead-free (K,Na)NbO 3 (KNN) and La doped (K,Na)NbO 3 (KNN-La) thin films 
Introduction
Excellent piezoelectric and electromechanical properties are obtained in a series of lead-based ferroelectric materials, especially Pb(Zr,Ti)O 3 (PZT).
Moreover, PZT-based thin films had been widely studied and used for microdevices over several decades due to the their excellent properties [1, 2] .
However, environmental issues may ultimately require the replacement of these lead-based materials and thin films in electronic components [3] , and the search for lead-free ferroelectrics has recently been intensified. Alkaline niobate-based compounds, especially (K 0.5 Na 0.5 )NbO 3 (KNN), are nowadays being considered as one of the promising lead-free piezoelectric materials because of their good piezoelectricity and a high Curie point [4] . However, serious problems exist for obtaining KNN polycrystalline thin films, because they are usually obtained with high leakage current, and thus with poor ferroelectric properties [5, 6] . Moreover, it is important to take special care of the Na/K relationship to obtain high quality thin films [7, 8] , otherwise low quality ferroelectric properties are obtained.
Control of epitaxial growth and stoichiometry are important aspects to take into account when growing high quality thin films. Because of similar crystalline structure of substrates, epitaxial films are technically important for controlling the crystallographic structure, and thus the functional properties of the film.
Many attempts have been made to obtain highly oriented thin films using physical methods, such as radio-frequency magnetron sputtering or pulsed laser deposition [9] [10] [11] . Although high quality thin films have been obtained with physical methods, the use of these deposition techniques is not technologically or economically feasible to prepare large areas of thin films. The sol-gel and chemical solution deposition techniques (CSD) are regarded as easier processes for thin film fabrication. The CSD techniques are very versatile and offer many advantages: low cost, atomic-level homogeneity, mild processingand therefore compatibility with the silicon technology for semiconductors or ferroelectric memory applications [12] -applicability to multicomponent systems, and easy control of stoichiometry .
The processing of KNN-based thin films by CSD techniques has been addressed in the literature over the last decade but unfortunately only a few of the proposed methods have proven to be reproducible. Although textured films can been obtained using SrTiO 3 (STO) substrates [13] , the main problems concerning KNN-based thin films are the low stability of the precursor solutions, the low control of stoichiometry and the difficulty in achieving epitaxial films.
Furthermore, despite the promising results obtained in bulk lanthanum doped KNN ceramics [14] , the introduction of donor dopants into KNN thin films has yet to be explored. Therefore, this work is focused on the synthesis of highly oriented KNN and lanthanum doped KNN thin films by a chemical solution technique using (100)-oriented (STO) single crystal as a substrate. Different excess amounts of Na and K in the solutions are used. The processing steps are detailed and discussed in order to establish a systematic procedure to obtain high quality thin films. The crystallographic and functional properties of the obtained thin films are also investigated.
Experimental procedure
The precursor solutions of (K 0.5 Na 0.5 )NbO 3 (KNN) and [(K 0.5 Na 0.5 ) 0.985 La 0.005 ]NbO 3 (KNN-La) were prepared using Na-ethoxide (>95%), K-ethoxide (>95%), La-acetate (>99.9%) and Nb-pentaethoxide (99.95%).
Acetylacetone and 2-metoxyethanol were used as the chelating agent and solvent, respectively. Due to the high reactivity of the alkaline ethoxides to humidity, the precursor solutions of sodium ethoxide, potassium ethoxide and niobium pentaetoxide were prepared in a glove box. To compensate the alkaline metal loss, 0-20 mol% excess amounts of alkaline chemicals were added to the precursor solutions. The alkaline ethoxides and lanthanum acetate solutions together with the chelating agent were mixed and refluxed at 80 ºC for 1 h under N 2 . The stoichiometric relationship of the chelating agent was 1:1 with respect to Nb. The niobium pentaethoxide solution was then added and the resultant mixture was refluxed again at 80 ºC for 1 h under N 2 . The solution was then distilled to reach a final Nb concentration of 0.3M. The precursor solutions obtained were aged for 24h before being used to deposit thin films.
The KNN and KNN-La precursor solutions were deposited onto STO(100), and SiO 2 /Si(100) (Crystec GmbH) substrates by spin-coating in ambient atmosphere at 3000 rpm for 30 s. After each deposition, the precursor films were dried on a hotplate at 150 ºC for 5 min, pyrolyzed at 350 ºC for 5 min and finally annealed at 600 ºC for 3 min. The deposition-drying-pyrolysis-annnealing process was repeated ten times to achieve a total thickness of about 500 nm.
Thermo gravimetric analysis (TGA) and differential thermal analysis (DTA) of the dried gel samples were conducted in air (50 ml/min) using a TGA-sDTA 851e/SF/1100 (Mettler Toledo), from room temperature to 900 ºC with a heating rate of 10 ºC/min. The crystallinity and preferential orientation of the KNN and KNN-La film samples were examined by X-ray diffraction (XRD) using a At higher temperatures, between 400 -570 ºC, two exothermic peaks appear due to decomposition reactions of carbonates and a crystallization phenomenon. At temperatures above ~ 600 ºC, the weight loss is lower than 2 %, which could be related to slight loss of sodium and potassium, or a residual loss of CO 2 [16] . Consequently, to obtain homogeneous and high density KNN and KNN-La films, the temperatures of 350 ºC and 600 ºC are chosen as pyrolysis and annealing temperatures, respectively. It should be noted that no differences were observed when analyzing the TGA-DTA curves of the KNN and KNN-La with an excess of alkaline metals. authors [17, 18] . Nevertheless, in our study, when the precursor solutions are prepared adding 20 mol% (70/70) excess of alkali metals, the thin films exhibit a well-crystallized KNN and KNN-La phase and no evidence of secondary phases is detected. (100) For simplicity, the orthorhombic symmetry of the KNN compounds can be treated as a pseudo-cubic symmetry due to the close parameters along different crystallographic orientations of the KNN unit cell [19] . The calculated lattice parameter of KNN(70/70) thin film was estimated to be a = 0.399 nm, similar to the values obtained by Tanaka et al. [20] . For the thin films doped with La, KNN-La(70/70), the lattice parameter obtained are slightly higher, a = 0.404 nm.
Crystalline structure and surface morphology

Figure 2. XRD patterns of KNN (a) and KNN-La (b) thin films deposited on STO(100) substrates and XRD patterns of KNN (c) and KNN-La (d) deposited onto Si
Despite the appearance of some signals of various peaks, the XRD patterns of the films show an (100) preferred orientation following the (100) orientation of the STO and SiO 2 /Si substrates. As can be observed, the KNN films obtained with low excess amount of alkaline metals, 0 mol% (50/50) and 10 mol% (60/60), show a higher degree of misorientation with the presence of other reflexions different to those of {100} orientation associated to the formation of the secondary phase. It is known that the pyrolysis temperature is a critical processing condition parameter for preferential orientation [13, 21] . In our study, all the films were prepared under the same pyrolysis conditions and only the excess amount of Na and K was changed. Thus, as already observed by Kupec et al. [22] , the stoichiometry could also be a critical parameter affecting the formation of a film with a preferred orientation. Furthermore, the La doped films also show a (100) preferred orientation; however, when adding a 20 mol% excess amount of alkaline metals, the films exhibit some extra peaks ( Figure   2b , 2d), which may be associated with the La doping. φ-scan and ω-scan were performed to investigate the crystallographic texture degree of the pure KNN(70/70) thin film deposited onto STO(100) substrate. In the X-ray φ-scan the reflection (222), at 2θ = 84.3º, was used; such reflection proved to be appropriate to discern between the film and substrate reflections, which is critical due to the similarity of the lattice parameters. The results, Figure 3a , show four peaks corresponding to the film for every 90º that exactly coincides with the peaks of the substrate, and, as can be observed the film shows a good in-plane ordering. This, in turn, implies that KNN films are coherently in-plane oriented. Similar behaviour has been reported when preparing KNN thin films by sol-gel processing using STO(100) as substrate [23] . In addition, the rocking curves or ω-scan, Figure 3b , of the pure KNN(70/70) films deposited onto STO(100) were performed using the (400) reflection, 2θ = 100.8 º. The full width at half maximum (FWHM) of the φ-scan and ω-scan peaks provides important information about the in-plane and out-ofplane orientation dispersion. Table I As prepared KNN and KNN-La films were analyzed by Raman spectroscopy.
The STO substrate shows high intensity Raman active optical modes from 200
to 500 cm -1 and from 600 to 800 cm -1 (not illustrated here), and the KNN Raman active signals appear at approximately the same Raman displacements [24] .
Therefore, due to the high similarities observed between the substrate and the KNN Raman spectra, KNN and KNN-La films were deposited onto SiO 2 /Si(100)
substrates. Figure 4 shows the Raman spectra of KNN and KNN-La films grown is necessary to add 20 mol% excess amounts of alkali metal precursor solutions to obtain pure and high quality films. The root mean square (rms) roughness of the KNN and KNN-La thin films are 3.5 nm and 13.7 nm, respectively. Thus, it is evident that surface morphology as well as surface roughness change when doping with La. Figure 6 shows the current density vs. electric field behaviors of KNN(70/70) and KNN-La(70/70) when the electric field is applied from the bottom electrode to the top electrode (positive electric field) at room temperature. For pure KNN the leakage current is relatively low (~10 -7 A/cm 2 ) and constant up to an applied field higher than 100 kV/cm, which is similar to that observed by other authors [26] . At this point, the leakage current density rapidly increases (~10 The increase in the leakage density current when high electric fields are applied may be related with the formation of alkaline ion vacancies ( ′ , ′ ) during annealing at high temperatures, as some authors have confirmed [8] . However, as confirmed by EPMA analysis, when adding a 20 mol% excess of alkaline the ratios Na/K and [(Na+K+(La)]/Nb are close to the nominal composition.
Electric, dielectric and ferroelectric properties
Therefore, the high leakage density current indicates that other mechanisms are involved. The presence of oxygen vacancies formed during high temperature annealing could be responsible for the increase in the leakage current.
However, further investigations of detailed leakage current behavior are needed to clarify the mechanisms for achieving enough efficiency for practical use. [29] . Therefore, the results confirm that lanthanum is introduced into the KNN lattice. The ferroelectric properties of KNN-La films with an increase in temperature are shown in Figure 8 (b). When approaching to room temperature the hysteresis loops show a rounded shape, which indicates that the film contains some leakage components. Higher fields could not be applied due to the high increase in the leakage current density, as is observed in Figure 6 . The same behavior was observed with KNN thin films leaky like ferroelectric loops are obtained when reaching room temperature.
Summary
Highly ( 
